Bovine aortic smooth muscle cell (BASMC) cultures undergo mineralization on addition of the organic phosphate donor, ␤-glycerophosphate (␤GP). Mineralization is characterized by apatite deposition on collagen fibrils and the presence of matrix vesicles, as has been described in calcified vascular lesions in vivo as well as in bone and teeth. In the present study, we used this model to investigate the molecular mechanisms driving vascular calcification. We found that BASMCs lost their lineage markers, SM22␣ and smooth muscle ␣-actin, within 10 days of being placed under calcifying conditions. Conversely, the cells gained an osteogenic phenotype as indicated by an increase in expression and DNA-binding activity of the transcription factor, core binding factor ␣1 (Cbfa1). Moreover, genes containing the Cbfa1 binding site, OSE2, including osteopontin, osteocalcin, and alkaline phosphatase were elevated. The relevance of these in vitro findings to vascular calcification in vivo was further studied in matrix GLA protein null (MGP Ϫ/Ϫ ) mice whose arteries spontaneously calcify. We found that arterial calcification was associated with a similar loss in smooth muscle markers and a gain of osteopontin and Cbfa1 expression. These data demonstrate a novel association of vascular calcification with smooth muscle cell phenotypic transition, in which several osteogenic proteins including osteopontin, osteocalcin, and the bone determining factor Cbfa1 are gained. The findings suggest a positive role for SMCs in promoting vascular calcification.
M ineralization of bones and teeth is an exquisitely regulated, cell-mediated process in which the tissue extracellular matrix is embedded with crystalline calcium phosphate deposits. This process gives rise to hard tissues endowed with the mechanical properties required to withstand their normal physiological functions. In contrast, mineralization of soft tissues occurs under pathological conditions with detrimental consequences, particularly when present in blood vessels and heart valves. Calcification of arterial plaques decreases vessel elasticity, augments plaque brittleness, leads to increased plaque rupture during angioplasty procedures, 1,2 and is associated with increased risk of myocardial infarction and death. 3, 4, 5 Despite its clinical significance, the molecular mechanisms regulating vascular calcification are unclear. Historically, ectopic calcification has been considered a passive process involving spontaneous calcium phosphate mineral precipitation in necrotic tissue. However, several lines of evidence have recently emerged supporting the concept that ectopic calcification, like mineralization of bones and teeth, is a cell-regulated process. Similarities between hard and soft tissue mineralization include the presence of an apatitic mineral phase, matrix vesicles, 6 and noncollagenous bone proteins including osteopontin, 7 bone acidic glycoprotein 75 (BAG 75), 8 osteocalcin, 9 osteonectin, 10 and bone morphogenetic protein type 2. 11 Furthermore, studies of mutant mice, including matrix GLA protein null (MGP Ϫ/Ϫ ) mouse, 12 klotho mouse, 13 carbonic anhydrase II deficient mouse, 14 and osteoprotegerin null mouse, 15 have identified genes whose loss of function increases susceptibility to vascular calcification. Finally, outright ossification has been occasionally noted in extensively calcified vascular tissues. 16 Taken together, these findings have greatly strengthened the theory that vascular calcification, like osteogenesis, is a delicately regulated balance between inducers and inhibitors.
The importance of vascular calcification in human disease has fueled interest in identifying both positive and negative mediators of vascular calcification. In this study, we have investigated the properties of arterial smooth muscle cells under mineralizing conditions. We provide evidence for a dramatic phenotypic transition associated with mineralization of bovine aortic smooth muscle cells (BASMCs) in vitro as well as with arteries of MGP Ϫ/Ϫ mice in vivo.
Materials and Methods

Cell Culture
Primary human osteoblasts (a generous gift from Dr Norman Wolf, University of Washington, Seattle, Wash) were maintained in DMEM containing 4.5 g/L glucose and 15% fetal calf serum (HyClone Laboratories Inc, Logan, Utah). Primary BASMCs were isolated as described previously, 17 and cultured in DMEM supplemented with 4.5 g/L glucose, 15% fetal bovine serum, 1 mmol/L sodium pyruvate (Gibco BRL), 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco BRL). Cells used in the experiments were between passages 3 and 8. Calcification of BASMCs was induced, as described previously, 18 by addition of 10 mmol/L ␤-glycerophosphate (␤GP) or 5 mmol/L inorganic phosphate (P i ) to the medium. Extracellular calcium deposition was measured and normalized to cellular protein content. 17, 18 Protein Lysate Preparation and Immunoblotting BASMC lysates and nuclear extracts were prepared as described. 18, 19 Arterial protein extracts were prepared by homogenizing the carotids of MGP wild-type (MGP ϩ/ϩ ) and MGP Ϫ/Ϫ mice in 20 mmol/L Hepes containing 420 mmol/L sodium chloride, 1.5 mmol/L magnesium chloride, 0.2 mmol/L EDTA, 25% glycerol, 0.5 mmol/L dithiothreitol, 0.5 mmol/L phenylmethylsulfonylfluoride, and 10 g/mL leupeptin, pH 7.9. Protein amounts of cell lysates, nuclear extracts, and arterial extracts were measured by the Micro BCA Assay (Pierce). Equal amounts of the proteins were separated by polyacrylamide gel electrophoresis followed by transfer to a 0.45 m Nitro-Bind membrane (Micron Separations, Inc). Proteins of interest were then blotted using specific antibody, biotin-streptavidin amplification, and Western blot chemiluminescence detection (NEN). Antibodies used were as follows: mouse monoclonal antibody (mAb) against SM22␣ (gift from Dr S. Sartore, University of Padua, Italy), OP-199 against osteopontin, HHF35 against SM ␣-actin (gift from Dr Alan Gown, PhenoPath Labs, Seattle, Wash), mouse mAb against human bone alkaline phosphatase (B4-78, Developmental Studies Hybridoma Bank, University of Iowa), rabbit polyclonal antibody against bovine osteocalcin (LF-32, gift from Dr L.W. Fisher, National Institutes of Health, Bethesda, Md), and antibody against core binding factor ␣1 (Cbfa1) (generated from peptide MASNSLF-SAVTPCQQSFFWDPSTSRR, representing amino acids 1 to 26 of the Cbfa1 open reading; Genosys Biotechnologies, Inc).
Protein Identification by Mass Spectroscopy
Cell lysates from BASMC cultures grown in the presence or absence of ␤GP were prepared and their protein amounts were quantified as described. Twenty-five micrograms of each lysate was separated by a 10% SDS-polyacrylamide gel. The protein with a molecular weight of approximately 25 kDa was excised from the gel and digested with trypsin. Peptides obtained were separated by a gradient capillary LC system using a C18 column (100 mm IDϫ4 cm). The capillary LC system eluate was directed to a Finnigan MAT TSQ 7000 triple quadrupole mass spectrometer (Finnigan Corporation) using a microelectrospray ionization source constructed in the laboratory. The spray voltage was ϩ1.3 kV and the heated capillary set at 200°C. Collision-induced dissociation (CID) of selected peptide ions was achieved using 3.5 mTorr of Argon in the second quadrupole. Spectra were scanned over the range 400 to 2000 mass units at 1.6-second intervals. Automated peak recognition and daughter ion scanning were performed using the built-in Instrument Control Language (ICL) as described previously. 20 Tandem mass spectra were analyzed using the SEQUEST computer program that allows the correlation of observed CID spectra with theoretical spectra generated from known protein sequences. 21 The criteria used for a positive peptide identification were a correlation factor (Xcorr) greater than 2.5, a ␦ cross-correlation factor greater than 0.1 (indicating a significant difference between the best match reported and the next best match), and a high preliminary score. At least 2 positive peptide identifications are considered necessary to unambiguously identify a protein. 22 All spectra were searched against the OWL protein database. 23
Electrophoretic Gel Mobility Shift Assay
Double-stranded oligonucleotides containing the Cbfa1 DNA binding site (OSE2) from osteopontin promoter (5Ј-CGCTCTTTGTGC-AAACCACACAG-3Ј) were synthesized by Gibco BRL and endlabeled with [␥ 32 P] ATP, as directed by Promega. The [␥ 32 P]-labeled OSE2 probe was purified using a Sephadex G-25 column (Pharmacia Biotech, Inc). To detect Cbfa1 binding activity, 6 g of nuclear extract was incubated at room temperature for 10 minutes with 5 fmol of the labeled OSE2 probe and 133 g/mL of poly dIdC.dIdC (Sigma). The mixture was then applied onto a 5% polyacrylamide gel to separate the proteins at 100 V for 4 hours. The gels were then dried and the specific protein shifts were visualized by autoradiography. As parallel controls, the nuclear extracts were preincubated for 20 minutes at room temperature with either 50 fmol unlabeled OSE2 probe, nonspecific probe (Osteopontin E-box: 5Ј-GGAGCAGGTGGCCGGCCGTGG-3Ј), anti-Cbfa1antibody, or normal rabbit serum (Vector Laboratories, Inc, Burlingame, Calif) prior to addition of the labeled probes.
Reverse Transcriptase-Polymerase Chain Reaction and DNA Sequencing
cDNA reverse transcribed from the RNA of day 10 ␤GP-treated BASMCs was amplified by Taq DNA polymerase as described by Komori et al, 24 using the following Cbfa1 specific primers: 5ЈCCGCACGACAACCGCACCAT-3Ј and 5Ј-CGCTCCGGC-CCACAAATCTC-3Ј. The resulting 284 base pair fragment was cloned into pcDNA 3.1 vector and confirmed as the bovine homologue of mouse Cbfa1 using the Dye Terminator DNA cycle sequencing kit (Perkin Elmer).
Northern Analyses
Total RNA isolated from BASMC cultures grown in either the presence or absence of ␤GP was transferred to a nylon membrane and hybridized overnight at 42°C with either 32 P-labeled bovine Cbfa1 or 32 P-labeled bovine osteopontin cDNA. The specific bands were visualized by autoradiography, and the relative band intensities were measured by NIH Image Program.
Tissue Preparation and Histochemistry
MGP Ϫ/Ϫ and MGP ϩ/ϩ mice were generated by mating of C57BL/6J MGP heterozygous mice, and genotypes were determined as previously described. 12 At the indicated ages, the mice were given a lethal intraperitoneal injection of nembutol (0.3 mg/g mouse), and the carotids and aortas were excised, fixed for 18 to 24 hours in methyl Carnoys fixative (3:1, methanol to acetic acid), and embedded in paraffin. Five-micrometer sections were used for histological analysis. Alizarin Red S (0.5%, pH 9.0; Sigma) and Von Kossa staining were used to detect calcification. For immunohistochemical analysis, sections were first blocked in PBS containing 10% goat serum, 1% bovine serum albumin (BSA), and avidin blocking reagent (Vector Laboratories, Inc). Polyclonal rabbit anti-osteopontin antibody (LF123; gift from Dr L. Fisher) was used to detect osteopontin, mouse monoclonal anti-␣-actin antibody (1A4; Sigma) to detect SM ␣-actin, and polyclonal rabbit anti-SM22␣ antibody (gift from Dr Michael Parmacek, University of Pennsylvania, Philadelphia, Pa) to detect SM22␣. 25 After incubation at room temperature for 1 hour, the sections were incubated with biotinylated anti-rabbit or anti-mouse antibodies (Vector Laboratories, Inc) prior to streptavidinconjugated peroxidase staining. Sections were counter-stained with methyl green (2% methyl green, 2% pyronin Y; Sigma).
Results
Mineralizing BASMCs Lose Smooth Muscle Lineage Markers In Vitro
We previously characterized the morphology and ultrastructure of calcifying BASMC cultures in vitro. 17 BASMC cultures grown in the presence of ␤GP developed widespread matrix mineralization. Ultrastructural analysis confirmed the presence of hydroxyapatite, calcifying collagen, extracellular matrix vesicles, and nodular calcification, similar to that observed in calcified atherosclerotic plaques and heart valves in vivo. Thus, this in vitro model represents a useful tool to further investigate mechanisms of vascular calcification. As shown in Figure 1A , the accumulation of calcium phosphate mineral on BASMC monolayers grown in the presence of ␤GP was observed by light microscopy within 10 days of culture. The mineral was deposited diffusely throughout the culture and localized to the extracellular matrix. The time course by which BASMC monolayers deposit calcium phosphate mineral in the presence of ␤GP was also established ( Figure 1B ). Within 7 days of culture, ␤GP-treated BASMCs showed significantly more calcium deposition than vehicletreated controls, and a 5-to 6-fold increase in mineral deposition was further observed by day 10. The effect of ␤GP on mineral deposition was previously shown to depend on alkaline phosphatase-mediated generation of inorganic phosphate in the culture. 17 Consistent with those findings, identical results were obtained when ␤GP was replaced with 5 mmol/L inorganic phosphate (data not shown).
A comparison of proteins extracted from day 10 cultures showed differences between BASMCs grown under normal or calcifying conditions. One very dramatic difference was the loss of a protein band migrating at an apparent molecular weight of 25 kDa in the ␤GP-treated extracts (Figure 2A ). This protein band, which was strongly expressed in control extracts, was trypsin-digested and analyzed by ESI-tandem mass spectroscopy, and was found to contain 3 peptides that were identified as tryptic fragments of bovine smooth muscle protein SM22␣. 26 The 3 peptides identified were KYDEEL-EER, AAEDYGVTK, and EFTESQLQEGK, corresponding to amino acids 1 to 9, 77 to 85, and 133 to 143 of the SM22␣, respectively. 26, 27 A fourth peptide, LVNSLYPDGSKPVK, was also identified and shown to correspond to the known sequence of the chicken SM22␣ protein (amino acids 66 to 79) but coincided with a region containing sequence ambiguities in the bovine homologue. 26, 27, 28 On the basis of this data, the 25-kDa Coomassie blue-stained band was identified as the bovine homologue of SM22␣, a specific marker of smooth muscle cells. The identity of this protein was confirmed by SM22␣ immunoblotting. As shown in Figure 2B , SM22␣ expression was strikingly decreased in calcified BASMC cultures by day 7, and was barely detectable by day 10. This observation encouraged us to investigate whether another smooth muscle lineage marker, SM ␣-actin, was also lost during the mineralization process. Indeed, there was a parallel loss of SM ␣-actin in mineralizing BASMC cultures ( Figure 2B) . The time course of SM ␣-actin and SM22␣ loss mimicked calcium phosphate mineral deposition in BASMC cultures ( Figures 1B and 2B ).
Mineralizing BASMCs Develop an Osteogenic Phenotype In Vitro
Because it has been recently shown that vascular calcification in vivo shares similarities with bone mineralization, we investigated whether bone-associated molecules were present during mineralization of BASMCs in vitro. A temporal analysis of alkaline phosphatase and osteocalcin proteins showed expression by day 10 in calcifying cultures, whereas neither protein was detected at any time point tested in the nontreated controls ( Figure 3A ). Consistent with reports by Shioi et al, 18 osteopontin transcripts were dramatically increased in ␤GP-treated cultures and were conversely lost in the control cultures by day 10 ( Figure 3B ). By Western blot analysis, no collagen type II expression (indicative of the chondrocyte lineage) was observed at any time point tested (data not shown).
Because osteocalcin and osteopontin are regulated by the bone determining transcription factor Cbfa1, 29 we examined the expression and activity of this factor in mineralizing versus nonmineralizing BASMCs. Using runt homology domain oligonucleotide primers targeted to the conserved DNAbinding domain and RNA extracted from day 10 calcifying BASMCs, a 284 base pair band was amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) ( Figure  4A ). This band was subcloned into the pcDNA3.1 sequencing vector and, by sequence analysis, was found to be 97% and 93% identical to the runt domain of human and mouse Cbfa1 genes, respectively. Thus, the insert was excised, 32 P-labeled, and used as a probe for temporal analysis of Cbfa1 transcripts in calcifying and noncalcifying BASMCs. As shown in Figures 4B and 4C , Cbfa1 transcripts were expressed by day 3 in calcifying cultures with a 5-to 6-fold increase over control cultures by day 10. The presence of this factor was also confirmed at the protein level using a human Cbfa1specific antibody (gift from Dr S. Hiebert, Mt. Sinai School of Medicine, New York, NY, data not shown).
In addition to Cbfa1 mRNA and protein expression, Cbfa1 DNA binding activity was examined by electrophoretic gel mobility shift assay. Using an OSE2-containing oligonucleotide from the human osteopontin gene promoter, we found a specific increase in Cbfa1 OSE2 DNA binding activity under calcifying conditions. The activity of this factor paralleled the appearance of BASMC culture mineralization with elevated OSE-2 binding activity observed by day 7 and highest at day 10 in ␤GP-treated cells ( Figure 5A; arrow) . The specificity of this interaction was demonstrated by the potent ability of unlabeled OSE2 (S) and the inability of a nonspecific upstream osteopontin E-box-containing oligonucleotide (NS) to compete for binding of this factor to labeled OSE2 ( Figure 5B ; arrow). To definitively identify the factor as Cbfa1, the OSE2-protein complex was super-shifted with a Cbfa1-specific antibody ( Figure 5B ; high molecular weight smear above Cbfa1-OSE2 band in lane Cb). Antibodies directed against the 2 other Cbfa family members, Cbfa2 and Cbfa3, did not result in a super-shift of the OSE2-binding complex (data not shown).
Characterization of Smooth Muscle and Osteogenic Markers in Vascular Calcification In Vivo
To determine whether the loss of the smooth muscle lineage markers and the gain of osteogenic markers observed in vitro also occurred in vivo, we examined arteries from MGP Ϫ/Ϫ mice that develop spontaneous arterial calcification within 2 weeks of birth. 12 At various ages carotids and aortas were collected and examined for calcium deposition, SM ␣-actin, SM22␣, and osteopontin expression. At one month of age, MGP Ϫ/Ϫ arteries were extensively calcified as demonstrated by positively stained arterial media with Alizarin Red S and Von Kossa (Figure 6A, panels b and j) . This calcification was concomitant with a loss of SM ␣-actin and SM22␣ expression and a gain of osteopontin expression ( Figure 6A , panels d, f, and h). In addition, osteopontin was found deposited extracellularly and appeared to coat the mineral as well as colocalize to the cells of the calcified medial layer ( Figure  6A , panels h and i). Interestingly, BM8 staining of the vessel sections indicated that the osteopontin expressing media cells were not macrophages (data not shown).
Conversely, arteries examined from MGP ϩ/ϩ littermates had no Alizarin Red S or osteopontin staining in the media, but strong SM ␣-actin and SM22␣ staining in normal looking smooth muscle as expected ( Figure 6A, panels a, g, c, and e ). The loss of SM ␣-actin and SM22␣ expression in MGP Ϫ/Ϫ mice is not believed to be a consequence of cellular deficiency because counterstaining of the tissue sections with methyl green positively identified numerous nuclei in the calcified region ( Figure 6A , panels i and j). Furthermore, partially calcified arteries from 2-week-old MGP Ϫ/Ϫ mice retained SM ␣-actinand SM22␣-expressing medial cells in the areas that had not yet undergone mineralization, indicating that the MGP Ϫ/Ϫ mice do not have a deficit in SM marker expression or smooth muscle cell differentiation ( Figure 6B ). Similar to 1-month MGP Ϫ/Ϫ mice ( Figure 6A , panels b and h), osteopontin was found to colocalize with mineral and the cells of calcified area. (data not shown). Finally, no collagen II staining or areas resembling cartilaginous metaplasia were observed in arteries of either 2-week or 1-month-old MGP Ϫ/Ϫ mice (data not shown).
The dramatic protein expression changes seen in vivo were further characterized by immunoblotting. Protein lysates were prepared from carotids of 4-week-old MGP Ϫ/Ϫ or MGP ϩ/ϩ mice, and analyzed for SM ␣-actin and osteopontin expression. As shown in Figure 6C , loss of SM ␣-actin and gain of osteopontin expression mirrored and thereby confirmed the histological findings. Because antibodies to Cbfa1 for use in immunohistochemical studies are not yet available, we examined expression of this protein by Western blot analysis. We found that Cbfa1 protein expression was greatly enhanced in lysates prepared from calcified carotids of MGP Ϫ/Ϫ mice and not detectable in those of MGP ϩ/ϩ ( Figure 6C ). These in vivo observations further support the concept resulting from the in vitro data that arterial calcification is associated with a Figure 5 . Mineralizing BASMCs have increased Cbfa1-mediated OSE2 binding activity. A, Nuclear extracts were prepared from BASMC monolayers grown in the presence (ϩ) or absence (Ϫ) of ␤GP for the indicated times, and electrophoretic gel mobility shift assay was performed using a double-stranded 32 P-labeled OSE2 probe. Note the increment of Cbfa1 OSE2 DNA binding activity (arrow). P represents 32 P-OSE2 alone. B, Nuclear extracts prepared from day 10 BASMCs in the presence (ϩ) or absence (Ϫ) of ␤GP were preincubated with either normal rabbit serum (N), a Cbfa1-specific rabbit antibody (Cb), unlabeled specific OSE2 (S), or nonspecific E-box (NS) oligomers prior to addition of 32 P-labeled OSE2 probe. Note the disappearance of Cbfa1 OSE2 DNA binding activity in the presence of unlabeled OSE2 (arrow) and the supershift in the presence of Cbfa1 antibody. dramatic alteration in smooth muscle cell phenotype, and this alteration may be involved in positively regulating vascular calcification via expression of osteogenic proteins.
Discussion
We have identified a smooth muscle cell phenotypic transition associated with vascular calcification in vitro and in vivo. Using a BASMC culture model, we found that smooth muscle lineage markers SM22␣ and SM ␣-actin were dramatically reduced on mineralization. Conversely, genes normally restricted to mineralized tissue such as bones and teeth, including alkaline phosphatase, osteocalcin, and osteopontin, were increased in these cells. The most interesting finding supporting a phenotype transition was the observation that mRNA and binding activity of Cbfa1, a transcription factor essential for bone morphogenesis, was elevated on smooth muscle cell calcification. The relevance of this smooth muscle phenotype transition was tested in vivo using MGP Ϫ/Ϫ mice that spontaneously develop calcification in all major arteries. The calcified arteries of MGP Ϫ/Ϫ mice showed a substantial loss of SM ␣-actin and SM22␣ in the calcified medial layer and an upregulation of osteopontin. Finally, Cbfa1 protein expression was induced in the calcified MGP Ϫ/Ϫ arteries but undetected in noncalcified wild type arteries. The combination of smooth muscle marker loss, osteogenic molecule gain, and expression and activity of the transcription factor Cbfa1 characterizes a distinct smooth muscle cell phenotype in calcified vasculature.
Our studies are in agreement with those of Shioi et al, 18 who described increases in osteopontin transcripts and reduction in SM ␣-actin protein levels using a ␤GP-induced BASMC calcification model. In the same model, levels of MGP mRNA were decreased during BASMC calcification and were inversely correlated to calcification. 30 An increase in osteopontin, alkaline phosphatase, 31 and osteocalcin 32 expression was also observed in spontaneously calcifying vascular cells derived from bovine aortic media (CVC) when compared with nonmineralizing BASMCs. In addition, Cbfa1 transcripts were present in CVC but were unchanged with mineralization as measured by RT-PCR analysis; 32 however, neither Cbfa1 DNA binding activity nor identification of the specific Cbfa1 splice variant was determined, making comparison to the present study difficult. CVC also expressed SM ␣-actin prior to mineralization, but the effect of mineral deposition on levels of this smooth muscle marker were not investigated.
In contrast, Proudfoot et al 33 vascular smooth muscle cells. In those studies, SM ␣-actin, SM22␣, and calponin mRNA levels as measured by Northern blot analysis were higher in cultures containing calcifying nodules when compared with noncalcifying monolayers. However, the immunocytochemical analysis of SM ␣-actin shown in that report indicated that cells surrounding the mineralizing nodules, rather than those within the nodules, contained the SM ␣-actin protein. In fact, the mineralizing nodules themselves were devoid of SM ␣-actin, similar to our findings. Thus, an alternative interpretation of the data is that cells within the relatively rare mineralizing nodules have dramatically lost their ␣-actin expression, whereas cells in the surrounding nonmineralized monolayer maintained expression, thus accounting for the Northern blot results observed in that report.
The plasticity of the smooth muscle cell phenotype is well documented. 34 Although most cell types undergo terminal differentiation, vascular smooth muscle cells do not. This smooth muscle cell trait contributes to the ability of vascular tissue to adapt to various environmental stimuli including pressure and injury. Two characteristic phenotypes of vascular smooth muscle cells include a fibroblastic, synthetic phenotype and a mature, contractile phenotype. In response to vascular injury and/or disease, smooth muscle cells undergo a transition from the contractile phenotype to the synthetic phenotype. The mineralizing SMC phenotype observed in the present study shares some features with the synthetic phenotype of SMCs, including loss of smooth muscle lineage markers and upregulation of osteopontin. 35 However, it also differs in a number of important ways, including lack of enhanced proliferation of SMCs 11, 17, 18, 31 and elevation of Cbfa1 levels, a transcription factor that is predominantly restricted to bone and cartilage. 36 Taken together, these data argue that we have identified a novel SMC phenotype associated with mineralization.
The finding of Cbfa1 expression in calcifying smooth muscle cells is of particular interest. To date, Cbfa1 functional analyses have been primarily limited to the studies of skeletal ontogeny. Developmental studies have shown that Cbfa1 is expressed in the common precursor to osteoblasts and chondroblasts, the osteochondroprogenitor. 29, 37 The requirement for Cbfa1 in osteoblast differentiation was substantiated by the finding that mice containing a homozygous mutation in the Cbfa1 gene are completely devoid of bone and mature osteoblasts. 36, 38 More recent studies also indicate that Cbfa1 is involved in chondrogenesis. In addition to osteoblast defects, Cbfa1-deficient mice have reduced numbers of hypertrophic chondrocytes. 37 Moreover, continuous expression of Cbfa1 in nonhypertrophic chondrocytes induces differentiation to hypertrophic chondrocytes in vitro and partially rescues Cbfa1 null mice. 38 Thus, Cbfa1 appears to be important in the development of both cartilage and bone.
These findings are relevant to our localization of Cbfa1 to the calcified arteries of MGP Ϫ/Ϫ mice. We observed arterial mineralization concomitant with increases in Cbfa1 and osteopontin protein levels by Western blotting. However, no morphological changes resembling bone or cartilage were observed at the time points studied (2 and 4 weeks), despite extensive mineralization of the arterial medias. In addition, there was no collagen type II present as determined by immunostaining at these time points. Similarly, no type II collagen was expressed in mineralizing BASMCs in vitro. In contrast, calcified arterial medial layers of older (6 to 8 weeks old) MGP Ϫ/Ϫ mice were found to acquire chondrocytic features including a chondrocyte-like cell morphology, type II collagen fibrils, and proteoglycans reminiscent of cartilage extracellular matrix. 12 These findings suggest that the early SMC phenotypic transition observed in the MGP Ϫ/Ϫ mouse may allow for the development of cartilaginous structures over time. On the other hand, no evidence of bone formation has thus far been noted in the MGP Ϫ/Ϫ mouse by ourselves or others. 12 The absence of bone formation may be because of the fact that MGP Ϫ/Ϫ mice die suddenly of arterial rupture between 6 and 8 weeks of age, thereby precluding development of this tissue from cartilage as is seen in endochondral bone formation.
Taken together, our findings suggest that, in response to mineralization, SMCs of the arterial wall undergo phenotypic transition to Cbfa1-positive, osteochondroprogenitor-like cells, similar to those identified in early mesenchymal condensations that give rise to the chondrocytes and osteoblasts of the skeleton. These findings may explain the presence of bone-and chondrocyte-related factors, as well as the occasional presence of ossified tissue, in calcified vascular tissues.
